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Understanding the dynamical nature of the catalytic active site
embedded in complex systems at the atomic level is critical to
developing efficient photocatalytic materials. Here, we report, using
4D ultrafast electron microscopy, the spatiotemporal behaviors of
titanium and oxygen in a titanosilicate catalytic material. The observed
changes in Bragg diffraction intensity with time at the specific
lattice planes, and with a tilted geometry, provide the relaxation
pathway: the Ti4+=O2− double bond transformation to a Ti3+−O1−
single bond via the individual atomic displacements of the tita-
nium and the apical oxygen. The dilation of the double bond is
up to 0.8 Å and occurs on the femtosecond time scale. These find-
ings suggest the direct catalytic involvement of the Ti3+−O1− local
structure, the significance of nonthermal processes at the reactive
site, and the efficient photo-induced electron transfer that plays a
pivotal role in many photocatalytic reactions.
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Single-site catalysts of both the thermally and photoactivatedkind now occupy a prominent place in industrial- and labora-
tory-scale heterogeneous catalysis (1–8). Among the most versatile
of these are the ones consisting of coordinatively unsaturated
transition metal ions (Ti, Cr, Fe, Mn. . .) that occupy substitutional
sites in well-defined, three-dimensionally extended, open-structure
silicates of the zeolite type. The well-known and most widely used
are the 4- or 5-coordinated Ti(IV) ions accommodated within the
crystalline phase of silica, silicalite (9–14).
Titanosilicates, especially, are used extensively both industrially
and in the laboratory for a wide range of chemo-, regio-, and shape-
selective oxidations of organic compounds (15–18). These single-site
heterogeneous photocatalysts are quite distinct from those typified
by TiO2, SrTiO3, and other titaniferous photocatalysts where the
Ti(IV) ions are in 6-coordination; and where, in interpreting the
processes involved in harnessing solar radiation, electronic band
structure considerations hold sway in preference to the localized
states (see, e.g., refs. 19, 20). It has been demonstrated (16–18, 21,
22) that single-site, coordinatively unsaturated Ti(IV)-centered
photocatalysts are especially useful in the aerial oxidation of envi-
ronmental pollutants in the photodegradation of NO (to N2 and O2),
of H2O (to H2 and O2), and in the photocatalytic reduction of CO2
to yield methanol. There is an exigent need to explore the precise
nature of the electronic, temporal, and spatial changes accompany-
ing the initial act of photoabsorption that sets in train the ensuing
elementary chemical processes that are of vital environmental sig-
nificance in, for example, the utilization of anthropogenic CO2 as a
chemical feedstock (23).
Here, we report the use of 4D ultrafast electron microscopy
(UEM) (24–26) to trace the spatiotemporal behavior of the Ti(IV)
and O2− ions at the photocatalytic active center in the structurally
well-characterized titanosilicate Na4Ti2Si8O22·4H2O, known as JDF-
L1 (27–29). JDF stands for Jilin–Davy–Faraday, as the crystalline
solid described here was discovered and characterized in joint
work involving Jilin University (P. R. China) and the Davy–Faraday
Laboratory at the Royal Institution of Great Britain. L1 stands
for the first layered catalyst formed during that collaboration;
5-coordinated solids containing Ti(IV) ions are rare among the
hundred or so titaniferous minerals, the prime example being fres-
noite, Ba2Ti2Si2O8. We choose this photocatalyst with 5-coordinated
Ti because of its unique bonding structure. Our approach entails
monitoring, at femtosecond resolution, the changes in intensities and
anisotropies of Bragg (electron) diffraction reflections in such a
manner as to retrieve the change in valency and the time scales in-
volved in both the formation of Ti3+−O1− bond and the relaxation of
the energy back to the local structure of the Ti =O bond in JDF-L1.
Through these diffraction studies, and the associated Debye–Waller
effect and structural factors anisotropies, it is found that a Ti3+−O1−
bond is formed on the femtosecond time scale; whereas, the back
relaxation from the site to the structure occurs on a much longer
time scale, permitting ample time for reactivity involving Ti3+−O1−,
and indicating the potential significance of nonthermal processes in
the photocatalytic activity at the reactive site.
Materials and Methods
The hydrated, pristine JDF-L1 is hydrothermally synthesized using previous
protocols (27). A microliter drop of aqueous JDF-L1 suspensions was deposited
on the 200-mesh holey carbon TEMgrid (ElectronMicroscopy Science), followed
by drying in the air for 2–3 d. The as-prepared structure of the tetragonal phase
could change into the dehydrated phase with lower symmetry, due to the ir-
reversible loss of water, when ethanol was used to disperse the sample onto the
TEMgrid. However, enough solubilization in water enhances the stability of the
pristine sample against the dehydration, thus hindering the irreversible phase
change. We performed the time-resolved diffraction measurements and found
that the initial phase did not change during the measurements under the
optimized fluence.
Significance
The nature of the active site in (photo) catalysis is fundamental to
our understanding of the processes involved, and to their control.
Four-dimensional ultrafast electron microscopy (UEM) provides a
dynamic probe for catalytic active site in photocatalytic materials
thanks to its unprecedented resolution both in time (femtosecond)
and space (angstrom). In this contribution, we visualize the fem-
tosecond atomic movement at the titanium active center in a sin-
gle-site photocatalyst. UEM allows us to investigate the structural
dynamics of the radiation sensitive specimen by measuring time-
resolved diffraction intensities from different lattice planes. These
findings contribute fundamental insights for developing advanced
photocatalysts and suggest broad ranges of applications.
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All measurements were performed using UEM-2 and the principle of the
apparatus has been described elsewhere (30). The microscope adapts syn-
chronized pulses of two different UV wavelengths: the 259-nm pulse to
extract the probing photoelectrons produced from the cathode irradiation,
and the 346-nm beam, which was shone on the specimen. Both pulses were
generated from a 1,038-nm femtosecond infrared laser source operating at
given repetition rate (in this case 100 kHz). By varying the optical delay line
between the two laser pulses, a well-defined temporal delay was estab-
lished and adjusted as needed. The pump beam has a fixed angle to the
electron beam. The photon-induced near-field electron microscopy (PINEM)
(31) interaction in a silver nanowire was used for in situ determination of
time zero.
The diffraction images were acquired stroboscopically using up to six scans
with a good signal-to-noise ratio. Pump beam characteristics were optimized
on the specimen without any cumulative damage through data acquisition;
the diameter of FWHM of ∼40 μm and the fluence of about 1 mJ/cm2 were
used. The peak intensities obtained for each Bragg spot at a given time
range were normalized to their respective (000) intensities. The temporal
evolution of the normalized intensity for a given Bragg spot was fit using a
convolution of an exponential decay and a Gaussian instrument response
function. The former corresponds to the intrinsic response of the sample and
the latter to the temporal resolution of the instrument.
Results and Discussion
In JDF-L1, the Ti(IV) ions are in a 5-coordinated square pyramidal
arrangement, and there is one short Ti = O bond, parallel to the
[001] zone axis, where the oxygen is situated at the apex of the
pyramid. As depicted in the upper panel of Fig. 1, the non-
centrosymmetric tetragonal layered structure of JDF-L1 contains
one TiO5 square pyramid (represented in blue) and four SiO4 tet-
rahedra (in yellow). Two layers are sandwiched between two planes
of Na+ ions and water molecules. This small cage-type unit contains
the titanium active center at its typical IV oxidation state. One
oxygen atom out of the five Ti−O bonds is parallel to the [001] zone
axis and the bonding with titanium has a shorter bond length,
representing its 5-coordinate character.
Shown in Fig. 1 D–F are three electron diffraction patterns of a
single crystalline JDF-L1 along the [001] zone axis, which were
taken in our UEM. Diffraction spots for the pristine phase having
unit cell dimensions of a = b = 7.374 Å, c = 10.709 Å were indexed
based on the room temperature X-ray crystallographic data (29);
some of the representative Miller indices are indicated in color. It
has been reported that JDF-L1 gradually loses its water upon
annealing at a temperature higher than 423 K, and this loss in-
duces a shrinkage of the interlayer space along the c-axis direction
perpendicular to the basal plane (28, 32). The dehydration process
occurs slowly in the high vacuum of the microscope or when the
specimen is heated by the laser; diffraction patterns of both
structures are shown in Fig. 1. The hydrated form is known to be a
good selective oxidation, single-site heterogeneous catalyst when
Fig. 1. Morphology, crystal structure, and the observed diffractions of JDF-L1. (A) Bright-field image of single crystal of JDF-L1; (B) 3D view of crystal structure
of one unit cell. (C) Close up view of the 5-coordinated titanium at the catalytic active center. (D–F) Diffraction patterns of the pristine and dehydrated JDF-L1
obtained in our UEM. The diffraction peaks are indexed in the pattern for the pristine one.
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pretreated with dilute HCl and H2O2 (27). Detailed comparison of
the Bragg spots between the pristine and dehydrated JDF-L1
revealed a ∼4% decrease for the interplanar distance of the pris-
tine’s (100) and (010) planes with a change in the angle between
a and b axis from 90° to ∼86.5°. This indicates that the loss of water
causes not only the shrinkage of the interlayer space along the c-axis
direction but also the structural change from the original tetragonal
phase to a dehydrated phase with lower symmetry.
In our UEM studies, care was taken to follow such a dehydration
effect and the sensitivity to radiation damage. An isolated single
crystal with a typical size of about 3 × 3 μmwas chosen by a selected-
area aperture of 5 μm (Fig. 1A), and the thickness of the specimen
was determined to be about 50 nm from our measured electron
energy loss spectrum (EELS) (33) in the energy spectrometer of
UEM. The initial excitation pulse (λi = 346 nm; typically 1 mJ/cm2)
is spatially and temporally in overlap at the specimen with the
electron pulse, which is that of single-electron packets used in the
stroboscopic mode of UEM. Time-resolved dynamics was obtained
by varying the delay time between the two pulses while monitoring
changes in the diffraction.
When the incident electron pulses are paralleled to the [001]
zone axis, the Miller indices (hkl) for all of the observed Bragg
spots have a zero value of l due to the Laue condition, and no
change in the Bragg intensity or peak position was observed
when the time delay was scanned up to several picoseconds after
the photoexcitation. The patterns in Fig. 2 A–C were taken from
different zone axes by tilting the sample stage, when two types of
temporal behavior of diffraction intensity were observed. Bragg
spots with l = 0 still show no significant temporal change, either
in intensity or peak position. On the other hand, when l ≠ 0, a
femtosecond decay of the diffraction intensity with different
amplitude was observed. The time dependency for the given
Miller indices is given in Fig. 2D. To investigate the spatiotem-
poral behaviors of the specimen, diffraction intensity profiles at
different times were constructed by fitting all Bragg spots to a
Gaussian function. The time evolution has been fitted with a
single-exponential decay and the fitted curves are designated by
red and green solid lines.
The observed intensity change has a single-exponential decay
time on the femtosecond time scale, as it is 350 fs from the fit of the
transient in Fig. 2D; however, considering the repetitive scans taken,
the range spans ±250 fs. One of the most significant finding of these
studies is the selectivity found when “l” is nonzero. Examining spots
for (201) and (200) planes, for example, we found ∼15% decrease
of intensity only from (201) planes, and not for the (200) planes.
Following the femtosecond decay, the intensity remains unchanged
up to several picoseconds and returns to equilibrium in less than
10 μs, as determined by our probing rate. The observed femtosecond
dynamics is a consequence of the photoinduced transition without
significant contribution from heating because of the time scale in-
volved and based on the calculated structure factors and mean
square displacements, as discussed below.
The intensity of a Bragg spot is affected by the motion of
atoms within the unit cell. This is because the structure factor F
and the intensity I of a Bragg spot (hkl) with a scattering factor S
are determined by the position of atoms (r):
FðSÞ=
XN
k=1
nkfkðSÞexpð−2πiðS · rkÞÞ
IðSÞ∝ jFðSÞj2, [1]
where N is the number of atoms in the unit cell, nk the occupancy
factor of the kth atom, fk is the scattering factor of the kth atom,
rk the position of the kth atom in the unit cell. From the inner
products in Eq. 1, the structure factor and hence the intensity
of a spot (defined by S) will only be affected by the atomic
Fig. 2. Diffraction patterns at three different angles and time-dependent structural changes of JDF-L1. (A–C) Diffraction images observed at different zone
axes before time 0; n is the electron direction. (D) Femtosecond intensity changes of (200) and (201) spots with time. Two different types of dynamics were
observed: a decay with a femtosecond time constant (see main text) and another without a decay.
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displacements with nonzero components in the corresponding
Miller indices. Thus, the experimental fact that the temporal
change of intensity was observed only for diffraction spots with
a nonzero component of l indicates a structural change along the
[001] direction.
The absorption of JDF-L1 at 346 nm (wavelength of the pump
laser) has been assigned (34) to a ligand-to-metal charge transfer,
from the O2p orbital to the empty Ti3d orbital. This transition to an
antibonding state upon excitation weakens the bond and leads to
its dilation along the Ti−O bond direction. As shown in Fig. 1C,
among the five coordinated oxygen atoms around the central Ti,
only the apical oxygen (O3) has a Ti = O double bond along the
[001] direction. It follows that the dilation of the Ti = O double
bond along the [001] causes the observed intensity change of Bragg
spots with nonzero value of l.
To investigate the influence of atomic displacements on changes
in diffraction intensity, we examined the structure factor when the
Ti atom and the apical oxygen atom along the bond direction
changes their equilibrium positions. The results in Fig. 3A were
obtained with steps of 0.02 Å, and clearly show that only the dif-
fraction intensity of spots with l ≠ 0 is affected by the motion of Ti
and the O3 atom along their bonding direction. The experimentally
observed ∼15% intensity drop of (201) and ∼8% intensity drop of
(121) correspond, respectively, to ca. 0.4-Å displacement of Ti and
O3 in opposite directions, indicating a Ti−O bond length increase
from 1.7 to ca. 2.5 Å, which is typical length for a Ti−O single bond
(35). Here, we study localized single site expansion rather than a
homogeneous crystal expansion, with the remained main crystal
unchanged. That is why we did not observe reliable temporal
change of the separation between conjugate Bragg peaks. These
results reveal the femtosecond electron transfer induced by the
photoexcitation at the catalytic active center of JDF-L1, and which
occurs between the apical oxygen and the central Ti atom within
the TiO5 square-pyramid structure.
Fig. 3. (A) Influence of titanium and oxygen displacement on the structure factor. The displacement of Ti and O3 corresponds to the direction of Ti = O bond
dilation. (B) Dependence of structure factor on temperature for isotropic (Left) and anisotropic (Right) atomic vibrations.
Fig. 4. Schematic illustration of the photocatalytic reduction of CO2 and H2O at the titanium active center, emphasizing the femtosecond laser induced
electron transfer and subsequent Ti = O bond dilation.
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The observed anisotropy of structural dynamics in diffraction,
and its femtosecond time scale, suggests that the above process is
a nonthermal one. However, if thermalization occurs, because of
the destructive interferences and loss of the periodicity of atomic
arrangements by thermal vibrations, it is of interest to consider
the temperature effect on diffraction changes. The amplitude of
the intensity change with temperature is usually described by the
well-known Debye–Waller factor (36, 37). As reported elsewhere
(26) in many studies (see, e.g., ref. 38), following femtosecond
excitation, the electron–phonon coupling, which is on the time
scale of a few picoseconds, leads to population of acoustic phonons
and in this case a description of the change can be related to a rise
in an effective temperature.
Following the discussion by Trueblood et al. (39), when the
temperature effect on the diffraction intensity I of a Bragg reflection
is taken into account, Eq. 1 can be modified as follows:
FðSÞ=
XN
k=1
nkfkðSÞDkðSÞexpð−2πiðS · rkÞÞ, [2]
where Dk (S) is the Debye–Waller factor of the kth atom for the
Bragg spot with a scattering factor S. It is determined by the mean
square displacement of the kth atom. When the atomic displace-
ments are isotropic,
DðSÞ= exp
h
−2π2jSj2u2i, [3]
where hu2i is the isotropic mean square displacement of the
atoms. When the atomic displacements are anisotropic, then:
DðSÞ= exp
"
−2π2
X3
j=1
X3
l=1
hjajUjlalhl
#
, [4]
where h1, h2, h3 are determined by the scattering vector S, and a
1,
a2, a3 are related to the basis vectors of the unit cell. The elements
of the tensor U of order 3 are associated with the mean square
displacements of the corresponding atom.
From Eqs. 2–4 one can see that the temperature effect on the
structure factor F and the diffraction intensity I of a specific Bragg
spot is determined solely by the amplitudes of mean square atomic
displacements, either isotropic or anisotropic. It is of interest to ex-
plore the temperature dependence of these structure factors. How-
ever, this requires knowledge of the relationship of the amplitudes of
atomic displacements to the temperature. In monoatomic systems,
such as silicon, this relationship can be expressed using the Einstein
model. With time dependence, following photoexcitation (38),
IðtÞ= I0ðt−Þexp
h
−4π2jSj2u2ðtÞ
i
u=
ðZ=2ωmÞcothZω2kBTeff1=2, [5]
where I(t) is the measured intensity of a Bragg spot, I0(t-) is the
intensity before photoexcitation, u is the root mean square dis-
placement of the atom with a mass of m, along each component
of the 3D vector, Z is the reduced Planck’s constant, and kB is the
Boltzmann constant. Teff is the effective temperature.
In our case here, Eq. 5 is not valid because we are dealing with
a multiatomic system. Nevertheless if we make a bold approxi-
mation that all of the different atoms in JDF-L1 can be treated
as independent and uncorrelated simple harmonic oscillators
with the same angular frequency w; that the value of Zω << 2kBT
for a temperature higher than 293 K; and that the experimentally
determined effective mass meff can be used to measure the dif-
ferent atomic displacements for different atoms or the same type
at different sites, one recovers the Einstein model with a simple
relationship between the mean square atomic displacements of a
specific atom and the effective temperature: u2 ∝Teff. Using the
experimentally obtained, by Ferdov et al. (29), values of the
isotropic and anisotropic mean square atomic displacements of
JDF-L1 at 293 K, the structure factor dependence on the ef-
fective temperature for different Bragg spots were calculated.
Similar results were obtained for the case of isotropic and an-
isotropic displacements as shown in Fig. 3B, where the calculated
values for the decrease in amplitude for the spots (200) and
(201) caused by the Debye–Waller effect are rather close to
each other.
Based on the above discussion, the photocatalysis process,
such as the photoreduction of CO2 or H2O by the JDF-L1 under
UV light excitation may proceed according to the pathway given
in Fig. 4. The photon excitation leads to electron transfer from
the apical oxygen O3 to the center Ti atom, reducing the Ti4+ to
the Ti3+ cation. Then the resulting Ti3+ ions react with the am-
bient CO2 and H2O, leading to their reduction and the formation
of final products such as CH4 and CH3OH (40). The products
noted in Fig. 4 are examples of consequences of electron trans-
fer. Thus, the primary charge separation and its efficiency on the
femtosecond time scale are critical for the subsequent chemistry
of the catalytic process. Such primary charge transfer influence
of reactivity has been realized for reactions of dative structures in
solution (41) and in isolation (42).
In summary, by using 4D electron microscopy with high spatio-
temporal resolution, we have captured the transient structure of the
active site of a photoexcited catalytic process. It is demonstrated
that following the photoexcitation, ultrafast electron transfer from
the apical oxygen to the central Ti atom occurs nonthermally, as
evident from the diffraction anisotropy, the time scale involved, and
values of the structure factor. This transfer results in a separation of
the titanium and the apical oxygen with a total displacement of
up to ∼0.8 Å, which indicates a transformation from the original
Ti4+=O2− double bonding state to the dilated Ti3+−O1− single
bonding one. The nature of bonding (double or triple) in metal
oxides of this type has been elucidated by Gray and colleagues (43),
but in the structure studied here the double and single bond char-
acters of the 5-coordinated Ti4+ has been determined by X-ray
methods (27, 29). Future extension of our technique to the visuali-
zation of the active sites at the atomic level on other various catalytic
materials will be beneficial to the de novo design of specific catalysts
with improved efficiency as well as the fundamental elucidation of
mechanisms in such complex systems.
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